
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/02/$04.00�0 DOI: 10.1128/MCB.22.1.357–369.2002

Jan. 2002, p. 357–369 Vol. 22, No. 1

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Identification and Characterization of a Tissue-Specific
Coactivator, GT198, That Interacts with the DNA-Binding

Domains of Nuclear Receptors
Lan Ko,1,2* Guemalli R. Cardona,1 Alexandra Henrion-Caude,3 and William W. Chin1

Department of Gene Regulation, Bone and Inflammation Research, Lilly Research Laboratories, Eli Lilly and
Company, Indianapolis, Indiana 462851; Joslin Diabetes Center, Harvard Medical School, Boston, Massachusetts
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Gene activation mediated by nuclear receptors is regulated in a tissue-specific manner and requires inter-
actions between nuclear receptors and their cofactors. Here, we identified and characterized a tissue-specific
coactivator, GT198, that interacts with the DNA-binding domains of nuclear receptors. GT198 was originally
described as a genomic transcript that mapped to the human breast cancer susceptibility locus 17q12-q21 with
unknown function. We show that GT198 exhibits a tissue-specific expression pattern in which its mRNA is
elevated in testis, spleen, thymus, pituitary cells, and several cancer cell lines. GT198 is a 217-amino-acid
nuclear protein that contains a leucine zipper required for its dimerization. In vitro binding and yeast
two-hybrid assays indicated that GT198 interacted with nuclear receptors through their DNA-binding domains.
GT198 potently stimulated transcription mediated by estrogen receptor � and �, thyroid hormone receptor �1,
androgen receptor, glucocorticoid receptor, and progesterone receptor. However, the action of GT198 was
distinguishable from that of the ligand-binding domain-interacting nuclear receptor coactivators, such as
TRBP, CBP, and SRC-1, with respect to basal activation and hormone sensitivity. Furthermore, protein kinase
A, protein kinase C, and mitogen-activated protein kinase can phosphorylate GT198 in vitro, and cotransfec-
tion of these kinases regulated the transcriptional activity of GT198. These data suggest that GT198 is a
tissue-specific, kinase-regulated nuclear receptor coactivator that interacts with the DNA-binding domains of
nuclear receptors.

Nuclear receptors are members of a superfamily of DNA-
binding transcriptional factors. Hormone-induced gene activa-
tion by nuclear receptors involves a variety of biological phe-
nomena such as cell proliferation, differentiation, and
development (31, 33). A central question in the field is how a
single nuclear receptor molecule elicits complex responses of
gene activation or repression in response to a hormonal stim-
ulus in a cell-specific manner. There is evidence that tissue
selectivity of gene expression induced by liganded receptors
involves the coordination and assembly of an array of coregu-
latory proteins (9, 15, 26, 33, 53). Together with nuclear re-
ceptors, these cofactors are regulated at multiple levels, includ-
ing tissue-specific distribution (22, 41, 54), variation of the
assembly on each subset of hormone response elements (57),
and cell-specific interactions between the nuclear receptors
and their cofactors (33, 36, 54).

Members of the nuclear receptor family share several struc-
turally related domains (31). The N-terminal transactivation
regions of the receptors have variable primary sequences and
are largely responsible for the functional differences among the
receptor isoforms. The DNA-binding domain (DBD), which
targets the receptors to their cognate hormone response ele-
ments, is composed of two conserved zinc fingers (31). The
C-terminal ligand-binding domain (LBD) is responsible for

binding to ligand and enables ligand-dependent disassociation
of corepressor and association with coactivators (9). A com-
mon LXXLL motif present in most coactivators provides the
interface for interaction between conserved LBD and coacti-
vator molecules, including CBP/p300 (24), the SRC-1 family
(26, 37), PGC-1 (22, 35, 41), CIA (48), and TRBP/ASC-2/
AIB3/RAP250/PRIP/NRC (11, 23, 25, 30, 58). However,
whether selective interaction between various nuclear recep-
tors and coactivators occurs to mediate cell-specific action re-
mains to be elucidated (54).

Protein cofactors specialized for interaction with the DBD
of nuclear receptors are less characterized or defined. The
DBD is the most highly conserved domain among members of
the nuclear receptor superfamily (31). It plays an important
role in determining the selectivity of DNA binding as well as
directing the dimerization of nuclear receptors (6). Extensive
studies of the structure and function of the DBD have revealed
that receptor dimerization and binding of the DBD to each
hormone response element rely on the variation of primary
sequences around its zinc fingers and, in turn, contribute to its
selectivity (6, 57). However, much less is known about regula-
tion by nuclear cofactors that bind to the DBD. Several cofac-
tors that interact with the DBDs of nuclear receptors have
been reported, including SNURF. SNURF is characterized as
a small nuclear RING finger protein that activates androgen
receptor (AR)-mediated transcription by interaction with the
DBD of AR (34, 39). Interestingly, SNURF facilitates nuclear
trafficking of AR in a ligand-dependent manner (40). Several
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other protein factors, including ANPK, ARIP3, and ARIP4,
have also been suggested to bind to the AR DBD and to
modulate AR-mediated transactivation (21). In addition,
DNA-dependent protein kinase was shown to interact with the
DBD of progesterone receptor (PR) (45). The DBD of thyroid
hormone receptor (TR) was suggested to interact with cofac-
tors with repressive function (28). A recent report also indi-
cates that the DBD of TR and retinoid X receptor (RXR)
associates with PSF, a corepressor that recruits Sin3A to the
receptor DBD (32). Another group of proteins that influence
DNA binding of nuclear receptors is the high-mobility-group
(HMG) proteins (7, 8, 38, 43). In addition to facilitating the
binding of nuclear receptors to DNA, HMG proteins have
diverse regulatory functions in DNA binding and chromatin
architecture (16). The DBDs of nuclear receptors have also
been shown to interact with other transcriptional factors such
as NF-�B and AP-1, with resultant regulation of transcrip-
tional repression (51). Since the DBDs of nuclear receptors are
evolutionarily conserved, DBD-binding coactivators might also
retain other conserved functions in the action of various DBDs
of nuclear receptors.

Nuclear receptor-mediated target gene expression is largely
tissue and cell specific, and it is subject to coordinate regula-
tion by cytoplasmic signaling (31). Compared to the extensive
studies of the nuclear function of nuclear receptors and cofac-
tors, the regulation of these cofactors by signaling pathways,
including phosphorylation, is less clear. However, the cytoplas-
mic hormonal effects of nuclear receptor ligands, now also
referred to as rapid or nongenomic effects, have long been
observed in cells. For example, thyroid hormone stimulates the
epidermal growth factor pathway (27), estrogen induces mito-
gen-activated protein kinase (MAPK) and phosphatidylinosi-
tol (PI) 3-kinase signaling (29), and tamoxifen affects insulin-
like growth factor I receptor action in breast cancer cells (17).
In addition to binding of the receptor LBD in the nucleus,
ligands may thus stimulate various signaling molecules and
ultimately modify protein factors, including the coactivators
that are important for nuclear receptor action. In this regard,
the regulation of cofactors by hormones via kinase signaling
might also contribute to a large extent of the cell-specific ef-
fects. Several lines of evidence have supported the notion that
nuclear cofactors are kinase regulated. These include phos-
phorylation of p300 by protein kinase C (PKC) at Ser89 with
inhibition of its transactivation (56), phosphorylation and reg-
ulation of SRC-1 by MAPK via protein kinase A (PKA) sig-
naling (10), and phosphorylation of TRBP by DNA-dependent
protein kinase (23). Thus, posttranslational modification of
cofactors may be a common mechanism to mediate, at least in
part, the specificity and selectivity of nuclear receptors in tran-
scriptional regulation.

We report here the isolation and characterization of a tissue-
specific nuclear receptor coactivator, GT198. GT198 contains a
leucine dimerization domain and interacts with nuclear recep-
tors via the DBD. GT198 enhances nuclear receptor-mediated
transcription, and coactivation by GT198 may be subject to
kinase regulation. The mechanism of its activation is distin-
guishable from LBD-interacting coactivators such as SRC-1,
TRBP, and CBP. GT198 represents a new class of DBD-inter-
acting nuclear receptor coactivators.

MATERIALS AND METHODS

Plasmids. Mouse CBP, human TRBP, and human SRC-1 plasmids used in this
study were previously described (23, 24, 37). Full-length rat GT198 cDNA was
inserted into the HindIII/XhoI sites of pcDNA3 (Invitrogen) with an N-terminal
Flag tag. GST-GT198 and GST-GR were subcloned into EcoRI/XhoI sites of
pGEX-4T-2 (Pharmacia). Yeast expression plasmids were generated by insertion
of glucocorticoid receptor (GR)-DBD (amino acids [aa] 411 to 489) or CREB-
bZIP (aa 283 to 341) into the pADNS-Sos vector (5). Mouse mammary tumor
virus (MMTV) promoter luciferase reporter was generated by inserting the
MMTV promoter with HindIII/BglII sites into the PXP2 vector. Full-length
human TR�1, estrogen receptor alpha (ER�), ER�, AR, GR, and PR were
subcloned into pcDNA3. F2/TRE and 2XERE luciferase reporters were previ-
ously described (23). A 2XGRE reporter was generated by PCR and inserted
with NheI/XhoI sites of pTAL-Luc (Clontech). PKA and MEK kinase plasmids
were obtained from Stratagene. The PKC� was inserted into pcDNA3.

Yeast two-hybrid screen and GT198 cDNA cloning. The Sos-Ras yeast two-
hybrid system was employed as previously described (4, 5, 18). Briefly, human
GR-DBD (aa 411 to 489) or rat CREB-bZIP (aa 283 to 341) was inserted in
frame into the C terminus of human Sos (Ras guanyl nucleotide exchange factor)
to produce fusion proteins for interaction. The interacting proteins encoded by
a rat pituitary cDNA library were myristoylated and membrane localized. Protein
interactions recruit Sos activity to the membrane and, in turn, activate the Ras
pathway. This permits the proliferation of a temperature-sensitive yeast strain at
a nonpermissive temperature (36°C). Positive clones containing cDNAs for the
protein of interest are then detected by the growth of yeast. A partial rat 5�
cDNA of GT198 was isolated, and the full-length cDNA encoding rat GT198 was
completed by 3� rapid amplification of cDNA ends (RACE) with mRNA isolated
from rat GC cells. A homology search against GenBank sequences revealed a
human GT198 homolog as a transcript mapped to breast cancer susceptibility
locus 17q12-q21 (44). A mouse GT198 sequence was previously identified as
human immunodeficiency virus (HIV) protein Tat-interacting protein (19, 50).
The human and mouse gene structures of GT198 were obtained by comparison
of cDNA sequences and genomic DNA sequences derived from a BLAST High
Throughput Genome (HTG) search. Introns and exons were identified using
GT-AG consensus sequences after comparison of corresponding cDNA and
genomic DNAs.

Northern analysis. Multiple human tissue and mouse embryonic tissue RNA
blots were from Clontech. GT198 probes were randomly primed with 32P-labeled
rat GT198 cDNA. Northern analysis was performed according to the manufac-
turer’s protocol.

Immunoblotting. Polyclonal anti-GT198 was prepared in rabbits by immuni-
zation with GST-rat GT198 fusion protein (Covance). Mouse and rat tissue
lysates were from Santa Cruz Biotechnology. Human tissue lysates were from
Clontech. Approximately 50 �g of proteins from tissue lysates or from selected
cell nuclear extracts was loaded per lane. Human cancer cell lysates were from
Santa Cruz Biotechnology. Immunoblots were probed with anti-GT198 at a
dilution of 1:200 and detected with the ECL system (Amersham Pharmacia).

Immunofluorescence and immunohistochemistry. GT198 antibodies were af-
finity purified by using Affi-Gel 10 according to the manufacturer’s protocol
(Bio-Rad). HeLa cells were methanol fixed and double stained with affinity-
purified polyclonal anti-GT198 (1:100) and monoclonal anticytokeratin (1:200;
Santa Cruz) as a control. Anti-rabbit Cy3- and anti-mouse fluorescein isothio-
cyanate (FITC)-conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories) were applied at a dilution of 1:200. To produce cells expressing
GT198, HeLa cells were transfected with Flag-tagged GT198. Cells were meth-
anol fixed and stained with anti-Flag antibody M2 (Kodak) at a dilution of 1:500
and anti-mouse Cy3-conjugated secondary antibody at a dilution of 1:200. Adult
mouse testis sections were stained with affinity-purified anti-GT198 at a dilution
of 1:100. Antibody binding was detected by biotinylated anti-rabbit immunoglob-
ulin G (IgG) F(ab)2 antibody followed by the detecting reagents (DAKO). The
section was counterstained with hematoxylin.

Recombinant protein binding assays. The glutathione S-transferase (GST),
full-length GST-GT198, and GST-GR-DBD (aa 411 to 489) were produced in
Escherichia coli BL21(DE3) and purified using glutathione-Sepharose resin
(Amersham Pharmacia Biotech). In vitro binding assays were performed by
incubating GST resin (20 �l, 2 �g) with [35S]methionine-labeled, in vitro-trans-
lated proteins (5 �l) produced by rabbit reticulocyte lysate (Promega). Proteins
were incubated at room temperature for 1 h in binding buffer (20 mM HEPES
[pH 7.4], 50 mM NaCl, 75 mM KCl, 1 mM EDTA, 0.05% Triton X-100, 10%
glycerol, 1 mM dithiothreitol). Bound proteins were washed three times with
binding buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by autoradiography.
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Coimmunoprecipitation. Both anti-GT198 and anti-GR (H300; Santa Cruz
Biotechnology) antibodies were characterized by Western blotting before use.
GR was to be detected by Western blotting because GR is sufficiently larger than
IgG heavy chain. HeLa cells were induced overnight with 100 nM dexametha-
sone. Isolated nuclear extracts were filtered with a 0.65-�m spin column (Milli-
pore) to completely remove insoluble cellular debris. Anti-GT198 or preimmune
antibody (15 �l) captured by protein A beads (20-�l slurry) was washed three
times and incubated with 4 ml of diluted nuclear extracts at a concentration of
300 �g/ml in binding buffer (20 mM HEPES [pH 7.4], 50 mM NaCl, 75 mM KCl,
1 mM EDTA, 0.05% Triton X-100, 10% glycerol, 1 mM dithiothreitol) overnight
at 4°C. Protease inhibitors, leupeptin, aprotinin, and trypsin inhibitor (Sigma)
were added in binding buffer at a concentration of 10 �g/ml. Bound protein was
washed three times and detected by immunoblotting with anti-GR antibody
(1:200).

Protein kinase phosphorylation assays. In vitro phosphorylation of recombi-
nant GST-GT198 by protein kinases was assayed using the SigmaTECT Protein
Kinase Assay System from Promega with modifications. Briefly, a purified pro-
tein kinase was incubated in the supplied buffer system with [�-32P]ATP and
GST or GST-GT198 fusion protein as substrates. Labeled GST-protein beads
were washed and the protein was resolved by SDS-PAGE followed by autora-
diography. The amount of protein kinase used in each assay (5 to 10 U) was
titrated and determined before use. Phorbol myristate acetate (100 nM) was used
as a PKC� activator. Purified PKA was from Promega, purified PKC was from
Stratagene, and MAPK (ERK2) was from New England Biolabs. GST alone,
which is not phosphorylated by PKA and PKC and is very weakly phosphorylated
by MAPK, was used as a negative control. In vivo Pi labeling was carried out in
293T cells transfected with Flag-tagged GT198. Cells were incubated in serum-
free Dulbecco’s modified Eagle’s medium with 17 mg of bovine serum albu-
min/ml for 1 h before labeling. Pi labeling was performed with 1 mCi of H3

32PO4

in phosphate-free medium for 1 h. Cell lysates were immunoprecipitated with
anti-Flag antibody M2 beads (Kodak), and precipitates were subjected to SDS-
PAGE followed by autoradiography.

Cell culture and transient transfection. CV-1 cells and HeLa cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and 0.1 �g of penicillin-streptomycin/�l in 5% CO2 at 37°C. Cells
were plated in 24-well plates for 2 days before transfection. Cells were trans-
fected using Lipofectamine reagent according to the manufacturer’s protocol
(Life Technologies, Inc.). Cells were incubated in fresh media containing the
indicated concentrations of ligands for 16 to 24 h after transfection. Total
amounts of DNA for each well were balanced by adding vector pcDNA3 (In-
vitrogen). Relative luciferase activities were measured and are reported as means
of triplicate transfections � standard errors.

Nucleotide sequence accession numbers. The rat and human GT198 sequences
reported in this paper have been submitted to the GenBank/EBI Data Bank with
accession numbers AF352812 and AF440240.

RESULTS

Identification of GT198 with a yeast two-hybrid system. The
Sos-Ras yeast two-hybrid system has an advantage for identi-
fying proteins with transcriptional activity, such as nuclear re-
ceptor coactivators. The protein interactions are examined in
the yeast cytoplasm rather than the nucleus, bypassing the
transcriptional readout and reducing the background in the
screen (4, 5, 18). We have cloned several nuclear receptor
coactivators from a rat pituitary cDNA library, including
TRBP, using this system (20, 23). In this way, we recently
discovered that the GR, through its DBD, interacts with a
protein factor originally termed GT198 with unknown func-
tion. Rat GT198 cDNA was cloned in a screen using the basic-
leucine zipper (bZIP) domain of the cyclic AMP (cAMP)-
inducible transcriptional factors as bait (unpublished results).
bZIP domains are highly conserved within proteins, including
ATF1, CREB, CREM, and ICER (47). The binding affinity of
GT198 to bZIP was high in yeast, since we obtained four
independent but overlapping GT198 sequences. The interac-
tion between GT198 and GR-DBD was also strong compared
to the other positive controls. When the GenBank database
was searched with the rat sequence derived from the screen, a
human homolog termed GT198 was found. Human GT198 is a
genomic transcript with an open reading frame that maps to
human chromosome 17 at the breast cancer susceptibility locus
17q12-q21 (44). The mouse homolog, a protein factor that
interacts with the HIV Tat protein (TBP-IP), has also been
reported (50). Although the function of GT198 was unclear, it
appears that GT198 is capable of interacting with multiple
DNA-binding proteins.

FIG. 1. Coactivator GT198. (A) Alignment of amino acid sequences of rat GT198 with human GT198 (44) and mouse GT198 (TBP-IP) (50).
Amino acid variations between species are indicated. Identical amino acids (	) are indicated. The heptad repeats of leucine and methionine
residues are shaded. (B) An �-helical wheel diagram for the leucine dimerization domain of rat GT198 (aa 86 to 117). Aligned leucines are at the
d position, and hydrophobic residues are at the a position. (C) Gene structure of mouse GT198 on chromosome 11. Introns are shown as lines and
exons are depicted as boxes. Coding regions are shown in black and noncoding regions are in white.
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The full-length rat GT198 cDNA was completed by 3�
RACE. It encodes a 217-amino-acid protein that has high
similarity among the rat, human, and mouse homologs (Fig.
1A). GT198 contains a heptad leucine repeat that resembles
the leucine dimerization domain (1). When displayed as an
�-helical wheel, the heptad repeat of leucines is aligned at the
d position and hydrophobic residues are aligned at the a po-
sitions to create the classic interacting surface found in the
leucine zipper protein family (Fig. 1B). Notably, amino acids
are conserved among species at the interacting surface but not
on the opposite side of the helical wheel, suggesting that the
function of the leucine zipper domain in GT198 is conserved.
Deletion of the leucine zipper region abolished GT198 dimer-
ization (see below). A number of kinase phosphorylation sites
were also predicted from the GT198 primary sequence, includ-
ing those for PKA, PKC, and MAPK.

Based on the human and mouse cDNA sequences, genomic
information for GT198 was obtained by a BLAST search with
the HTG database. The human GT198 gene is located on
chromosome 17q21 and contains eight exons spanning approx-
imately 6 kb. The mouse GT198 gene is located on chromo-
some 11 and contains eight exons spanning 3.2 kb (Fig. 1C).

The expression of endogenous GT198 is tissue specific. To
examine the endogenous expression pattern of GT198, North-
ern analyses with multiple human tissue and mouse embryo
blots were performed. Human GT198 mRNA was highly ex-
pressed in testis, but lower levels of signal were also detected
in other adult tissues. In the mouse embryo, GT198 was up-
regulated at day 11 (Fig. 2A). In order to detect the expression
patterns of endogenous GT198 protein, a polyclonal anti-
GT198 antibody was generated. The antibody was highly spe-
cific for GT198 when characterized with cell-expressed or in
vitro-translated GT198. Both transfected and endogenous
GT198 have an apparent molecular mass of 34 kDa. In both
mouse and rat tissues, GT198 was highly expressed in testis and
was also present in the spleen, ovary, and thymus (Fig. 2B).
The signals were absent in adult mouse and rat brain, heart,
kidney, liver, lung, cerebellum, and thyroid. It was also unde-
tectable in human skeletal muscle, ovary, and placenta (Fig.
2B). These expression patterns were consistent with the report
that mouse GT198 (termed TBP-IP) is highly expressed in
mouse testis and lymphocytes (50). Among the cell lines ex-
amined, the pituitary cell line GH3 had higher levels of GT198
protein expression, whereas other cell lines, including mouse
embryonic stem cells and human cancer cell lines, exhibited
variable expression of GT198 (Fig. 2C). Several commonly
used cultured cell lines, such as 293, HeLa, and CV-1 cells, also
had significant amounts of protein expression, suggesting that
GT198 may exist in many, or perhaps all, immortalized cell
lines. Further, immunohistochemical staining with anti-GT198
antibody showed that GT198 is expressed in mouse adult testis
(Fig. 3C) as well as in multiple mouse embryonic tissues (re-
sults not shown). Taken together, these data indicate that
endogenous GT198 is a tissue-specific protein factor.

GT198 is a nuclear protein. Endogenous GT198 was exclu-
sively detected in nuclear but not cytoplasmic fractions (data
not shown). Immunofluorescence staining also demonstrated
that GT198 was nuclear in localization. When cytokeratin was
used as a control for cytoplasmic staining, endogenous GT198
was clearly observed in the nucleus of HeLa cells (Fig. 3A).

The expression pattern of GT198 appeared to be cell cycle
regulated. In dividing cells, GT198 was more evenly distributed
within the nucleus, whereas a more punctated pattern could be
detected at the other stages of the cell cycle (data not shown).
The Flag-tagged GT198 was also seen exclusively in the nu-
cleus when expressed in HeLa cells, suggesting that GT198 is

FIG. 2. Endogenous expression pattern of GT198. (A) Northern
analysis of mRNA isolated from human tissues and mouse embryo at
different stages. Blots were probed with rat GT198 cDNA. Human
tissues examined are as shown on top of the panel. Mouse embryos
were from day 7 to day 17, as indicated. (B) Western analysis using
polyclonal anti-GT198 antibody. Results shown are for whole-cell ly-
sates (50 �g/lane) from mouse, rat, and human tissues. (C) Western
analysis with selected cell lines. Nuclear extract (50 �g) isolated from
various cell lines was used (left and middle panels). Results for samples
from whole-cell lysates of human cancer cells are shown in the panel
on the right. ES, embryonic stem cells.
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a nuclear protein (Fig. 3B). Since the highest level of GT198
expression was detected in adult testes by immunoblotting
(Fig. 2B), immunohistochemical staining of mouse testis was
performed to determine the detailed expression pattern. Inter-
estingly, endogenous GT198 was highly expressed only in the
nucleus of spermatocytes and not in spermatogonia or sper-
matids (Fig. 3C). GT198 expression was also absent in Leydig
cells. Although the physiological relevance of this specific ex-
pression in germ cells remains to be further elucidated, the
data nevertheless strongly confirm that GT198 is a cell-specific
nuclear protein.

GT198 specifically interacts with nuclear receptors via the
DBD. In vitro pull-down analysis was performed with recom-
binant GST fusion proteins and [35S]methionine-labeled in
vitro-translated full-length nuclear receptors. GST-GT198, but
not GST alone, interacted with nuclear receptors GR, ER�,
TR�1, and RXR� (Fig 4A). To map the region within nuclear
receptors that might be responsible for this interaction, each
region in GR was individually tested. The interaction was spe-
cifically localized to the DBD but not to the LBD or N termi-
nus of the nuclear receptor when examined with various GR

fragments (Fig. 4B). This in vitro interaction was not affected
by the GR ligand dexamethasone. To examine which region
located in GT198 might contribute to this interaction, deletion
mutants of GT198 were tested with GST-GR-DBD. Deletion
of the basic region of GT198 reduced, and deletion of the
leucine zipper almost abolished, the interaction between
GT198 and GR-DBD (Fig. 4C). However, the GRE-contain-
ing double-stranded DNA was not required for this interaction
in vitro (Fig. 4C). The above data suggest that the basic region
as well as the leucine zipper region of GT198 might be respon-
sible for its interaction with receptor DBD. Since the leucine
zipper is required for GT198 dimerization (see below), the
interface for binding might be located between nuclear recep-
tor DBD and GT198 dimer rather than the leucine zipper
itself. Consistent with the in vitro binding results, GT198 also
interacted with the GR-DBD in yeast two-hybrid assays. The
interaction of GT198 was specific for GR-DBD and CREB-
bZIP but not c-Jun-bZIP, which was used as a negative control
(Fig. 4D). Taken together, these data suggest that GT198 may
specifically interact with nuclear receptors at the DBD. Thus,
GT198 could interact with a subset of DNA-binding proteins,

FIG. 3. GT198 is a nuclear protein. (A) HeLa cells were methanol fixed and double stained with affinity-purified polyclonal anti-GT198 (left
panel, red) and monoclonal anticytokeratin (middle panel, green), which was used as a cytoplasmic control. Secondary antibodies were anti-rabbit
Cy3- and anti-mouse FITC-conjugated antibodies. An overlay of the two panels is shown on the right. (B) HeLa cells transfected with Flag-tagged
GT198. Transfected cells were methanol fixed. Nuclear staining of GT198 was visualized by fluorescence with anti-Flag antibody (M2) and
Cy3-conjugated secondary antibody. A phase-contrast view of the same field is shown at the left. (C) Immunohistochemical staining of the
seminiferous tubules from mouse testis. The section was stained with affinity-purified anti-GT198 (1:100) and counterstained with hematoxylin.
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such as nuclear receptors and cAMP-responsive transcription
factors.

GT198 interacts with GR in vivo. The interaction between
GT198 and GR was further analyzed in CV-1 cells by using a
mammalian one-hybrid assay. GT198-VP16 fusion protein
stimulated transcription on a GRE reporter in the presence of
GR-DBD but not the N terminus or LBD of GR, suggesting
GT198 interacted with GR-DBD in cells (Fig. 5A). The N-
terminal region and LBD of GR did not stimulate the reporter

and served as negative controls. The DBD had a lower level of
stimulation in the absence of GT198, presumably because the
DBD was able to interact with an endogenous coactivator
complex. However, the presence of GT198-VP16 on DBD
strongly increased transactivation, whereas GT198-VP16 alone
did not, suggesting GT198 interacts with the DBD and recruits
VP16. To detect the interaction in vivo, a coimmunoprecipita-
tion assay with anti-GT198 and anti-GR antibodies was also
performed. The interaction between endogenous GT198 and

FIG. 4. GT198 interacts with DBD of nuclear receptors. (A) GST-GT198 fusion proteins were incubated with in vitro-translated, 35S-labeled
full-length nuclear receptors (GR, ER�, TR�1, and RXR�). Bound proteins were resolved by SDS-PAGE and detected by autoradiography. GST
alone was used as a control. Each nuclear receptor and luciferase (Luc) used as a negative control are indicated at the bottom. (B) The N-terminal
region, DBD, and LBD of GR were in vitro translated and tested for binding GT198 in the presence (�) or absence (	) of 1 �M dexamethasone
(Dex), as indicated. (C) Schematic representation of the deletion constructs of GT198 (left panel). Numbers indicate amino acids. The wild-type
(WT) and deletion mutants of GT198 were in vitro translated and tested for the binding of GST-GR-DBD in the presence or absence of 30 ng
of GRE-containing double-stranded DNA/ml as indicated. Input was 10%. (D) GR-DBD interacted with GT198 in a yeast two-hybrid assay.
Full-length rat GT198 in pYes2 vector was cotransfected with bait plasmids, including GR-DBD, CREB-bZIP, c-Jun-bZIP, and pADNS empty
vector, as indicated. Positive clones were detected at 36°C on a galactose plate. The same clones grown at 24°C on glucose plates were used as
controls.
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GR could be detected in HeLa cells (Fig. 5B). When HeLa
cells were treated with dexamethasone, the level of endoge-
nous GR was up-regulated. A specific band of GR protein
around 97 kDa could be detected by the anti-GR antibody.
Although a higher-mobility band was also induced, it failed to
be precipitated by the anti-GR antibody, indicating that it is
not likely the GR protein. The GR protein was precipitated by
the anti-GR antibody but not the preimmune serum. Impor-
tantly, the GR protein was also coimmunoprecipitated by the
anti-GT198 antibody. These data indicate that the interactions
between GT198 and GR exist in vivo, at least under the induc-
tion of dexamethasone. As hormone-stimulated signaling may
regulate GT198, evaluation of its regulated interaction will be

interesting for future studies. Collectively, these results show
that GT198 interacts with GR through its DBD.

GT198 coactivates nuclear receptor-mediated transcription.
Since GT198 interacts with the DBDs of nuclear receptors, we
performed transient-transfection studies in CV-1 cells to in-
vestigate the potential coactivation function of GT198 with
nuclear receptors. An MMTV luciferase reporter was cotrans-
fected along with GR and GT198. GT198 potently coactivated
GR-dependent transcription of the MMTV promoter induced
by dexamethasone (Fig. 6A). The level of induction was sig-
nificant compared to that of the vector control. The activity of
GT198 was ligand dependent, suggesting that GT198 activated
the reporter through GR. In order to test individual nuclear

FIG. 5. GT198 interacts with GR in vivo. (A) GT198 interacts with
GR-DBD in a mammalian one-hybrid assay. CV-1 cells were trans-
fected in 24-well plates with GRE-luciferase reporter (100 ng) and the
following GR fragments: N (aa 1 to 405), DBD (aa 398 to 530), LBD
(aa 524 to 777), or a vector control (100 ng). GT198-VP16 or control
vector (100 ng) was also cotransfected. Luciferase activity was mea-
sured and is shown as the mean of triplicate transfections � standard
error. (B) Coimmunoprecipitation of endogenous GT198 and GR
from HeLa cells. HeLa cells were treated with 100 nM dexamethasone
(Dex) for 16 h. Nuclear extracts were isolated and incubated with
anti-GT198 antibody, which was captured by protein A beads. An-
ti-GR antibody was used as a positive control and preimmune serum
was used as a negative control. Bound GR was detected by immuno-
blotting with anti-GR antibody. Input of nuclear extracts (30 �g) from
induced or uninduced cells is shown on the left. Arrows indicate GR
and IgG.

FIG. 6. GT198 is a nuclear receptor coactivator. (A) CV-1 cells
were cotransfected in 24-well plates with MMTV luciferase reporter
(100 ng), GR (10 ng), and GT198 (200 ng), or empty vector as control.
Cells were grown in the presence of increasing amounts of dexameth-
asone (Dex) for GR (0, 10	11, 10	10, 10	9, 10	8, and 10	7 M). (B)
CV-1 cells were transfected with the indicated luciferase reporters
containing different minimal enhancer elements (2XGRE, 2XERE, F2
TRE, and 5XCRE) (100 ng). GT198 (200 ng), AR, GR, PR, ER�,
ER�, or TR�1 (10 ng) and inducer plasmid containing the catalytic
subunit of PKA (20 ng) for CRE were also cotransfected. For nuclear
receptors, each cognate ligand (100 nM) was added to the medium
24 h after the transfection (mibolerone for AR, dexamethasone for
GR, progesterone for PR, 17�-estradiol for ER� or ER�, and T3 for
TR�1). Ligand-dependent activities are shown as the means of tripli-
cate transfections � standard errors.
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receptors, luciferase reporters containing minimal hormone
response elements were cotransfected along with each nuclear
receptor. GT198 was able to activate transcription mediated by
all of the tested nuclear receptors, including AR, GR, PR,
ER�, ER�, and TR�1, in a ligand-dependent manner (Fig.
6B). GT198 also activated CRE-mediated transcription when
PKA was used as an inducer (Fig. 6B). The results of the
transactivation experiments were consistent with those of the
binding assays (Fig. 4) and indicated that GT198 acts on nu-
clear receptors. Together, these data suggest that GT198
serves as a coactivator in nuclear receptor-mediated transcrip-
tion.

GT198 differs in function from the coactivators TRBP, CBP,
and SRC-1. We compared GT198 with LBD-interacting coac-
tivators such as TRBP, CBP, and SRC-1 to determine if a
DBD-interacting coactivator might behave differently with re-
spect to its role in transcriptional regulation. We observed
several differences. First, coactivators like CBP, TRBP, and
SRC-1 exhibited higher basal activation in the absence of li-
gand. This was clearly observed with the GRE in the presence
of AR (Fig. 7A and B). However, GT198 did not significantly
increase basal transcription. In fact, a decrease in the basal
levels was observed under standard conditions in CV-1 cells.
This resulted in a tighter ligand control, which appeared as a
greater fold induction by the ligand (Fig. 7A and B). Second,
unlike coactivators TRBP and CBP that always showed high
activity in transient transfections, the potency of GT198 signif-
icantly varied among different cell types (results not shown).
One possible explanation for this observation might be the
cell-specific regulation of GT198, possibly involving the kinase
regulation of GT198 discussed below. Third, when the MMTV
promoter was studied, hormone sensitivity was significantly
higher with CBP or TRBP than with GT198, especially at lower
ligand concentrations (Fig. 7C). TRBP and CBP produced the
left shifts of their respective 50% effective concentrations
(EC50s) in ligand-dependent activation (Fig. 7B and C). In the
presence of CBP or TRBP, hormone sensitivity increased in
comparison to that of the vector control. In contrast, GT198
induced a right shift of the EC50 from that of TRBP and CBP.
The difference in EC50s modulated by GT198 and CBP or
TRBP was as great as 10-fold. Hence, GT198 might facilitate
the strict hormonal control of gene activation in a manner
distinct from other coactivators. Taken together, these data
indicate that the mechanism(s) by which GT198 affects tran-
scription is distinguishable from those of CBP, TRBP, and
SRC-1.

GT198 is a functional dimer. As discussed above, GT198
contains a classic heptad leucine repeat similar to the well-
characterized classic leucine dimerization domains (Fig. 1B)
(1). In order to determine if the leucine domain is required for
GT198 dimerization, mutants of GT198 with deletions of sev-
eral regions in GT198 were tested. When in vitro-translated
GT198 mutants were tested with GST-GT198 in a pull-down
assay, the results clearly showed that deletion of the leucine
domain, but not other regions of GT198, abolished its ability to
homodimerize (Fig. 8A). In addition, glutaraldehyde cross-
linking studies of the recombinant His-tagged GT198 indicated
that a band with the apparent size of the predicted homodimer
was generated after treatment. The dimeric and multimeric
forms increased, while the monomeric form decreased with

increasing time of treatment with glutaraldehyde (Fig. 8B).
These data suggest that GT198 was able to form dimers in
solution. Interestingly and importantly, the leucine zipper de-
letion of GT198 significantly reduced the binding of GT198 to
GR-DBD (Fig. 4C), suggesting that the dimerization of GT198
might have functional importance with respect to nuclear re-
ceptor interaction as well as transcriptional activation. To con-
firm this, transient-transfection studies were performed using
the leucine zipper deletion of GT198. The data suggested that
GR- as well as AR-mediated transcription activation were al-
most impaired by the deletion of the leucine zipper (Fig. 8C).
Together, these results strongly indicated that GT198 is likely
a functional dimer in vivo. As many nuclear receptors act as
dimers on hormone response elements, the dimerization of
GT198 might be important for the action on the DBD of
nuclear receptors.

GT198 is a kinase-regulated coactivator. Increasing evi-
dence suggests that nuclear receptor coactivators are regulated
in vivo by signaling molecules such as protein kinases (10, 56).
The primary sequence of GT198 predicts several phosphory-
lation sites for several protein kinases, including MAPK, PKA,
and PKC. Some of the predicted sites (Thr155, Ser181, and
Ser194) are conserved among human, rat, and mouse GT198,
implying that phosphorylation regulation of GT198 might be
conserved and functionally relevant. In a kinase-phosphoryla-
tion study, recombinant GST-GT198 could be markedly phos-
phorylated in vitro by PKA, PKC, and MAPK (Fig. 9A). The
phosphorylation was specific for GT198, since the control pro-
tein GST was not phosphorylated. Multiple phosphorylation
sites were detected for each kinase when examined using
GT198 deletion fragments (data not shown). In vivo Pi labeling
also confirmed that GT198 was heavily phosphorylated in cells
(Fig. 9B). To examine if phosphorylation by kinases affects the
transcriptional capability of GT198, transfection studies were
performed by coexpressing each kinase. As shown in Fig. 9C, in
the vector control without stimulation of kinase, transcription
of the GRE reporter was moderately up-regulated by GT198 in
the presence of ligand. Stimulation with PKC significantly pro-
moted ligand-dependent activation by GT198 compared to
that of the control without cotransfection of GT198. The basal
levels increased rather than decreased with PKC induction and
increased remarkably with PKA induction. However, MAPK
stimulation reversed the action of GT198, with transcription
strongly repressed by GT198 in CV-1 cells (Fig. 9C). The
suppressive effects of GT198 were also detected with other
nuclear receptors such as ER, GR, PR, and TR when coex-
pressing MAPK (data not shown). The MAPK effect in CV-1
cells was specific to GT198 but not to the other coactivators
such as TRBP or CBP (Fig. 9D). In fact, MAPK stimulation in
CV-1 cells was also observed in the vector control. However,
GT198 exerted the repressive effect under the same MAPK
stimulation, suggesting that MAPK regulation of GT198 was
specific. Similar effects for GT198 were observed in HeLa cells,
as wild-type GT198 strongly activated transcription in the ab-
sence of MAPK induction but repressed transcription in the
presence of MAPK induction (Fig. 9E). Interestingly, each
deletion mutant of GT198 behaved differently with and with-
out MAPK stimulation (Fig. 9E). In addition, while wild-type
GT198 behaved similarly in CV-1 and HeLa cells, the activities
of each mutant varied (data not shown), indicating that regu-
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FIG. 7. Coactivator GT198 is functionally distinguishable from
TRBP, CBP, and SRC-1. (A) Transcriptional activity of GT198 was
compared with that of TRBP, CBP, and SRC-1 together with a vector
control (V) (200 ng). CV-1 cells on 24-well plates were cotransfected
with a GRE reporter (100 ng) and AR (10 ng) and treated with or
without 100 nM mibolerone. (B) Transfections similar to those shown
in panel A were performed with a GRE-luciferase reporter and AR,
except that increasing amounts of ligand (mibolerone) were used
(10	11, 10	10, 10	9, 10	8, 10	7, and 10	6 M). EC50 values are indi-
cated at the right of each curve. Standard errors of EC50s were less
than 5% (KaleidaGraph). (C) CV-1 cells were transfected as for panel
B, except a MMTV-luc reporter and GR were used in the presence of
indicated amounts of the ligand dexamethasone (10	12, 10	11, 10	10,
10	9, 10	8, 10	7, and 10	6 M). EC50 values are indicated on the right.
Data shown are means of triplicate transfections � standard errors.
Vector control (filled triangle), GT198 (filled square), CBP (open
circle), and TRBP (filled circle) are shown.

FIG. 8. GT198 is a functional dimer. (A) Deletion of its leucine
zipper abolished GT198 dimerization in vitro. Recombinant GST-
GT198 fusion protein was incubated with 35S-labeled GT198 deletion
fragments to detect homodimerization. Bound proteins were resolved
by SDS-PAGE and detected by autoradiography. Luciferase (Luc) was
used as a negative control. GT198 wild-type (WT) and mutants were as
follows: WT (aa 1 to 217), N-terminal deletion (
N; aa 82 to 217),
leucine zipper domain deletion (
LZ; 
89–117) and C-terminal dele-
tion (
C; aa 1 to 180). (B) Cross-linking of GT198. His-tagged recom-
binant GT198 (0.1 �g/�l) was treated with 0.15 mM glutaraldehyde for
increasing amounts of time as indicated. Proteins were resolved by
SDS-PAGE and detected by Coomassie blue staining. Arrowheads
indicate the monomer, dimer, and polymer of GT198. (C) CV-1 cells
were cotransfected with a GRE reporter (100 ng) and AR or GR (10
ng), along with wild-type GT198 (WT) or GT198 with the deletion at
leucine zipper domain (
LZ; 
89–117) or a pcDNA3 vector (V) as
control. Ligand-dependent luciferase activities stimulated by 100 nM
mibolerone or dexamethasone are shown as means of triplicate trans-
fections � standard errors.
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FIG. 9. GT198 is phosphorylated and regulated by PKA, PKC, and MAPK. (A) GST-GT198 was phosphorylated in vitro by PKA, PKC, and
MAPK as described in Materials and Methods. After washing, phosphorylated GST-GT198 proteins were resolved by SDS-PAGE and detected
by autoradiography. GST alone served as a negative control. Coomassie staining of GT198 and GST proteins, shown in the left panel, was to
confirm that equal amounts of protein were used. (B) 293 cells were transfected with Flag-tagged GT198 and its deletion mutants. Abbreviations
are as shown in the legend to Fig. 8A. Cells were Pi labeled, and GT198 proteins were immunoprecipitated with anti-Flag M2 antibody beads
(Kodak). After washing, the bound protein was separated by SDS-PAGE and visualized by autoradiography. (C) Kinase stimulation regulates
GT198 coactivation function. The effects of kinases on GT198 were analyzed in CV-1 cells. Cells were cotransfected in 24-well plates with
GRE-luciferase reporter (100 ng) and AR (10 ng). Coactivator GT198 or a vector control (200 ng) was cotransfected with PKA, PKC, or MAPK
(20 ng) or a vector control. Cells were treated with or without 100 nM mibolerone. (D) MAPK regulation of GT198 coactivation is specific. The
effects of MAPK on GT198 were analyzed in CV-1 cells with GRE-luciferase reporter (100 ng) and AR (10 ng). Coactivator GT198, TRBP, CBP,
or vector control (200 ng) was cotransfected with or without MAPK (20 ng) and treated with or without the 100 nM mibolerone. (E) HeLa cells
were transfected as CV-1 cells were, except that wild-type and deletion mutants of GT198 (200 ng) were used. Data shown are means of triplicate
transfections � standard errors.
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lation of GT198 by phosphorylation, which was in part re-
flected by the activities of mutants, might be cell specific and
complex in vivo. Nevertheless, deletion of each region of
GT198 including the leucine zipper partially impaired full
GT198 function (Fig. 9E). Taken together, the data indicate
that protein kinase phosphorylation might trigger multiple sig-
naling pathways that, in turn, directly or indirectly regulate
GT198 in vivo. The regulation of GT198 might then be highly
cell specific, inasmuch as phosphorylation by each kinase is cell
type dependent. These data suggest that kinase stimulation
may affect GT198 coactivation in vivo.

DISCUSSION

In this study, we described the identification and character-
ization of the coactivator, GT198, that interacts with the DBDs
of nuclear receptors. The DBDs of nuclear receptors are highly
conserved in structure as well as function (31). Increasing ev-
idence suggests that DNA binding in vivo is a regulated event
that involves multiple protein cofactors. An example is the
coactivator SNURF, a RING finger protein that stimulates
AR-mediated transcription via AR-DBD (34). Although
GT198 does not possess a RING finger but instead has a
leucine zipper, GT198 displays several characteristics similar to
those of the coactivator SNURF. Like SNURF, GT198 stim-
ulates other transcriptional factors in addition to the nuclear
receptors. The GT198 protein expression pattern was also cor-
related with that of SNURF, in that GT198 is highly expressed
in rapidly dividing cells, such as germ cells of testis (50), thy-
mus, spleen, embryo, cancer cells, and cultured cell lines (Fig.
2). Similar to SNURF, GT198 by itself did not bind DNA with
high affinity (data not shown), but it interacted with the DBDs
of nuclear receptors and modulated their transcriptional activ-
ities. SNURF has also been suggested to interact with the
TATA-binding protein and to stimulate Sp1-dependent tran-
scription (39). It is currently unknown whether GT198 could
have a similar function. However, it is noteworthy that GT198
regulates basal activity under the influence of kinase phosphor-
ylation in transient transfections (Fig. 9C).

GT198 is a structured protein with high �-helical content
(Jpred/PHD [http://jura.ebi.ac.uk:8888/]). Its structured nature
might make it suitable for protein interaction with multiple
surfaces. Deletion of limited regions of GT198 only partially
impaired or altered its transactivation properties (Fig. 9E),
indicating that the entire protein, which is small in size, might
be required for its integrity and full function. The leucine
zipper is a powerful dimerization domain. Deletion of the
leucine dimerization domain of GT198 dramatically reduced
its binding to nuclear receptors (Fig. 4B). It is currently un-
known if the dimerization is regulated in vivo. However, the
dimerization of GT198 is required for the full coactivation
function (Fig. 8C and 9E). GT198 also contains a basic region
rich in lysine and arginine residues. Deletion of this region
reduced the binding between GT198 and GR (Fig. 4B). This
basic region might facilitate the binding of negatively charged
DNA. Although bacterially expressed GT198 did not bind to
the DNA by itself, the binding of DNA in vivo may require
cooperation with other DNA-binding factors. Gel-shift analysis
with His-tagged GT198 suggested that GT198 promoted
CREB binding to CRE but decreased ER� binding to an ERE

(data not shown). Since GT198 is a highly phosphorylated
protein in vivo (Fig. 9), recombinant dephosphorylated GT198
protein might not completely reflect its true nature in vivo.
Nevertheless, the effects of GT198 on DBD or bZIP binding to
DNA were pronounced.

The in vivo function of GT198 is likely regulated in part
through kinase phosphorylation. Furthermore, the regulation
might be cell type specific. In transient-transfection studies, the
potency of coactivation by GT198 varied among cell types and
was also affected by cell density. Immunofluorescence staining
in HeLa cells showed that endogenous GT198 was more evenly
spread in the nuclei of dividing cells and was distributed in
punctated patterns in confluent cells. This might indicate that
GT198 is differentially regulated in the cell cycle. Transfections
in HeLa cells but not 293 cells generally produced more con-
sistent results. With MAPK stimulation in CV-1 cells, the
GT198 effect was completely reversed, in contradistinction to
PKC and PKA stimulation (Fig. 9). Thus, the in vivo functions
of coactivator GT198, including its binding of nuclear recep-
tors and its transcriptional activities, might be regulated. Sim-
ilarly, regulated function is evident for other coactivators. For
example, the phosphorylation of p300 by PKC at Ser89 inhibits
the transactivation potential of p300 (56), and the phosphory-
lation of SRC-1 by MAPK via PKA signaling modulates SRC-1
function (10). The modification of GT198 by phosphorylation
could alter its activities in a tissue-specific and hormone-regu-
lated manner, in spite of its presence in a number of tissues and
cell lines.

The Sos-Ras yeast two-hybrid system has proven to be a
reliable and powerful method for the detection of protein-
protein interactions between transcriptionally active molecules
(4, 5, 18). In addition to GT198, we have cloned the coactiva-
tors TRBP (23) and CoAA (20) from a rat pituitary cDNA
library using this system. Previously, six independent cDNA
isolates encoding four overlapping GT198 sequences were
identified when CREB-bZIP was used as bait (data not
shown). GT198 specifically interacted with CREB-bZIP but
not c-Jun-bZIP in yeast (Fig. 4D). Although the functional
importance between GT198 and CREB is not clear, the
present studies suggest that GT198 may regulate the transcrip-
tional activities mediated by both nuclear receptors and
cAMP-responsive transcription factors. The bZIP, a basic re-
gion followed by a heptad leucine repeat, is a highly conserved
DBD found in a family of cAMP-responsive transcription fac-
tors that includes CREB, ATF1, CREM, and ICER (47). They
are the key regulators in many important physiological events,
including development, endocrine system function, and brain
function (46, 47). CREM is highly expressed in spermatocytes
and plays a key role in germ cell differentiation (46). The
ability of GT198 to interact with bZIP proteins suggests that
GT198 might regulate CREM function. Homo- and het-
erodimerization among CREB and CREM� depend on their
bZIP domains for DNA binding (14, 49). Similarly, the DBDs
of nuclear receptors are also important for dimerization and
the selectivity of these receptors on each hormone response
element (57). GT198 might regulate both DBD and bZIP
domains in the coordination of their functions on complex
promoters in vivo. An example of the coordinate regulation of
glucocorticoid stimulation and cAMP signaling is the phos-
phoenolpyruvate carboxykinase gene promoter, wherein the
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glucocorticoid response regulated by PKA correlates with the
differentiation states of hepatoma FGC4 cells (2). In addition,
full activation of the phosphoenolpyruvate carboxykinase gene
promoter requires the coordination of multiple response ele-
ments present within it (13). Since GT198 can be phosphory-
lated by multiple kinases, including PKA, and appears to be
regulated by hormonal signaling, it is possible that GT198 is an
integrating coregulator for both steroid hormones and the
cAMP pathways which, in turn, coordinate cell-specific gene
activation in vivo.

The human GT198 gene was originally identified through
the mapping of the breast cancer susceptibility gene BRCA1
locus at chromosome 17q12-q21 (44). Germ line mutations in
the breast cancer susceptibility genes BRCA1 and BRCA2
have been shown to result in human hereditary breast and
ovarian cancers (52). In previous mapping of additional genes
that might also be involved in breast and ovarian cancers,
human GT198 was found to be one of the transcripts within the
locus that is located within 320 kb of the BRCA1 gene (44).
The GT198 transcript was found to have a tissue-specific ex-
pression pattern (44). Interestingly, the expression pattern of
GT198 has some similarities to BRCA1 and BRCA2 (42).
GT198 mRNA is abundant in adult testis and in the developing
mouse embryo (Fig. 2A). GT198 protein is expressed at higher
levels in several tissues, including testis, thymus, and spleen
(Fig. 2B). In addition, it is also expressed in several human
cancer cells (Fig. 2C). The mouse GT198 homolog TBP-IP,
which has been identified as an interacting protein for HIV
Tat, is present in testis and lymphocytes (50). On the other
hand, BRCA1 is a nuclear receptor coactivator that has been
shown to affect the ER-responsive promoter (52) and to stim-
ulate AR-mediated transcription in prostate cancer (55).
These observations suggest that BRCA1, which is a RING
finger protein, functions as a nuclear receptor coactivator and
modulates nuclear receptor-mediated transcription. It is cur-
rently unclear if GT198 could have functional overlap with
BRCA1 or if GT198 could be another candidate breast cancer
susceptibility gene. Of note, the amplification or abnormality
of genes in cancer is frequently associated with encoding of
proteins that have a transactivation function. These include
AIB1/SRC-3 (3), AIB3/TRBP (25), MOZ-TIF2 (12), and
MOZ-CBP as well as BRCA1 (52). Thus, it will be important
for future studies to determine if the coactivator GT198 is
involved in human cancers.

In conclusion, we have cloned and characterized a novel
tissue-specific coactivator GT198 that stimulates transcription
through the interaction of DBDs of nuclear receptors and
other transcriptional factors. The action of GT198 in vivo
might be dynamic and modulated by protein kinase phosphor-
ylation. A better understanding of GT198 function may pro-
vide more insight into the regulation of tissue-specific gene
activation mediated by nuclear receptors.
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